Abstract: This paper have studied the dynamic of a 2.0 MW Doubly Fed Induction Generator (DFIG) during a severe voltage sag. Using the dynamic model of a DFIG, it was possible to determine the current, Electromagnetic Force and flux behavior during three-phase symmetrical voltage dip. Among the technologies of wind turbines the DFIG is widely employed; however, this machine is extremely susceptible to disturbances from the grid. In order to improve DFIG Low Voltage Ride-Through (LVRT), it is proposed a novel solution, using Superconducting Current Limiter (SCL) in two arrangements: one, the SCL is placed between the machine rotor and the rotor side converter (RSC), and another placed in the RSC DC-link. The proposal is validated through simulation using PSCAD TM /EMTDC TM and according to requirements of specific regulations. The analysis ensure that both SCL arrangements behave likewise, and are effective in decrement the rotor currents during the disturbance.
Introduction
In the past few years, wind energy has becoming an important power source in countries' energy matrices. This technology has been continually developed and, nowadays, the wind generators have increased their power capability and, consequently, their impacts in the grid have become more relevant. Among wind turbine technologies, the Doubly Fed Induction Generator (DFIG) is one of the most used in wind farms all over the world [1, 2] .
The DFIG stator is directly connected to a grid, while its rotor is connected to a grid through a back-to-back converter (B2B) and a third-order LCL filter. Figure 1 shows a DFIG structure with some conventions used in this paper: GSC is Grid Side Converter, RSC is Rotor Side Converter, i s is stator current, i GSC is GSC AC current, i r is rotor current and an LCL is a high-order passive filter. The GSC converter controls DC-link Voltage (V dc ) and the reactive power (Q) between grid and B2B. The DC-link chopper (CH) is a simple protection device that shorts the DC-link through a power resistor when the DC-link voltage exceeds a fixed threshold. The RSC converter controls active power (P S ) and reactive (Q S ) power between the machine stator and the grid. Research involving DFIG is worried about its effects into the electric system and about the impacts of grid disturbances in DFIG [3, 4] . Nowadays, with the increased penetration of wind turbines in electric system, the grid codes understand that the generators have to contribute with the system stability. Each code establishes its own requirements about grid disturbances that the sources must withstand [5] .
One of the main issues concerning DFIG is low voltage ride-through supportability [6] [7] [8] [9] . When a fault occurs, high currents are induced in the rotor and torque oscillations appear in the machine. These behaviors can damage the DFIG system.
In the rotor circuit, a severe voltage dip can generate, in per-unit quantities, rotor currents as high as 3.0 pu to 5.0 pu if no protection is provided. A common protection circuit makes use of a resistance bank, named crowbar, that is inserted into the rotor output and activated whenever a fault occurs [10] . This solution provides an alternative path to rotor currents protecting the B2B converter. Its major disadvantage is that the DFIG loses its controllability once the crowbar is triggered, due to the rotor side converter deactivating [11] . In such a situation, the DFIG absorbs a large amount of reactive power from the grid, leading to further grid voltage degradation [4] .
Other strategies have been proposed using a superconducting resistive current limiter (SCL) between DFIG and grid [12, 13] . It reduces fault current level at the stator side and improves the fault ride-through capability of the system. However, as it is placed at the connection point, its implementation should consider the whole power of DFIG. This paper proposes a novel solution for DFIG LVRT using an SCL in two arrangements: one, the SCL is placed between the machine rotor and the RSC, named three-phase SCL, and another placed in the converter DC-link, named DC SCL, as shown in Figure 2 . The performance of each solution is evaluated using the simulation tool PSCAD TM /EMTDC TM . In order to provide normalization, all tests were done under the IEC (International Electrotechnical Commission) 61400 wind turbine standards [14] , adopted by most manufacturers and publications in the area [3, 15, 16] . 
Dynamic Doubly Fed Induction Generator (DFIG) dq Model
The induction machine model [17] [18] [19] used in the simulation analysis performed is as follows. Figure 3 shows the equivalent DFIG dq circuit in the synchronous reference frame with adopted conventions. The dq model can be described by Equations (1)- (6) [20] , the rotor variables are referred to stator side. 
where V s is stator phase voltage, R s is stator resistance, Ψ s is stator flux, I s is stator current, ω is synchronous angular frequency, V r is rotor phase voltage, R r is rotor resistance, Ψ r is rotor flux, I r is rotor current, s is slip, L m is magnetizing inductance, L σs is stator leakage inductance and L σr is rotor leakage inductance. The parameters used in simulations are given in Table 1 . 
Doubly Fed Induction Generator (DFIG) Behavior under Voltage Dips
During a severe voltage dip, as the flux cannot vary suddenly due to the associated stored energy, a transient flux (natural flux) appears, and a high value transient voltage is induced in the rotor terminals. The machine is demagnetized from prior steady-state flux to its new value (forced flux), which is proportional to the new stator voltage.
The stator flux behavior can be achieved from its dynamic vector expression, as stated by Equation (7) [20].
The generator is initially considered at normal operation and, at 0s, a voltage dip occurs with depth p, as shown in Figure 4 . Equation (8) describes this situation.V 0 is the grid peak voltage at normal operation. 
The LVRT adopted strategy inserts a resistance into the rotor circuit during voltage dip. Z S is the total impedance seen by stator of the machine at this condition.
When the voltage dip occurs, the stator flux has its dynamic described by Equation (9)
where
The Electromagnetic Force ( e r ) induced in the rotor is the sum of two terms, e r f e e rn , Equation (11) . The first term, e r f , is due to grid voltage, shown in Equation (12) . The second term, e rn , shown in Equation (13)
The rotor current, referred to the stator, can be obtained using Equation (14) .
Resistive Superconducting Current Limiter (SCL)
Some materials, named superconductors, present the characteristic of null resistance under certain operational conditions, named critical temperature (T c ), critical current density (J c ) and critical magnetic field (H c ) ( Figure 5 ) [21] . Whenever one or more of such parameters increases above critical limits, the superconductor makes a transition from superconducting to normal state. Several implementations using SCL have already been made in applications such as prototypes [22] and commercial application [23, 24] , distribution grids [25] and motor start [26] .
Applying an SCL may achieve prospective benefits and operation cost savings, considering factors such as increase of system reliability and reduction of expected fault current, as was demonstrated by [13] .
A resistive type SCL is based on this transition from superconducting to normal state, which is called the quenching process. The SCL behavior can be characterized by a resistance transition in terms of temperature (T) and current density (J) as described by Equation (15) [22, 27] . J c is the critical current density, T c is the critical temperature and n the exponent of E-J power law relation [28] . The resistive behavior of SCL can also be represented by a time-variant resistance [29] [30] [31] , as described by Equation (16) . This is the model adopted by this paper.
(16) Figure 6 shows this behavior. At time t 1 , the SCL changes from superconducting state to quenching state, and its resistance increases exponentially. R 0 is the maximum SCL resistance and τ q is the time constant of quenching state. This paper adopts the transition time from the superconducting to normal state, τ q , equal 1 ms [29, 31, 32] . After time t 2 , the currents fall below their critical value and the SCL is able to return to superconducting state as long as its temperature decreases. The SCL resistance decreases exponentially, and τ r is the recovery time constant. τ r equal to 50 ms is adopted in the analysis [29, 32] . 
Superconducting Current Limiter (SCL) Resistance Calculation
The three-phase SCL structure presented in Figure 2a is considered. The maximum rotor current during a fault (in pu) could be evaluated through Equation (17) [33] . This equation also considers (18) To ensure that I R does not surpass 1.3 pu, the value of SCL resistance (R 0 ) must be equal to 2.0 Ω and SCL critical current (I C ) equal to 1.2 pu. The SCL placed in DC-link, Figure 2b , or simply DC SCL may have its resistance R 0 DC evaluated by using Equation (19) [20] .
Simulation Analysis
The study compares the performance of the two proposed configurations during the voltage dip. For validation, this comparison is done via simulation.
The control strategy establishes that when a voltage sag is detected, the active power reference is set to zero and the quadrature current to 1.0 pu. This forces the DFIG to provide maximum reactive power as required by grid codes [5] . Figure 7 shows the grid voltage during a symmetric voltage sag, with depth equal to 82% an 0.2 s duration, according to the IEC standards. Whenever a voltage dip occurs and rotor currents rise above safe limits, the SCL transits to a normal state inserting a resistance in the circuit. Meanwhile, as rotor currents are continuously measured, the controller is alerted about the voltage dip, disabling the RSC switches while rotor current is higher than 1.2 pu. The RSC works as a diode rectifier. The switches of the RSC remain disabled for a few milliseconds.
Although the superconductor limits the rotor current, a large amount of energy flows to the DC-link of the back-to-back converter. In order to avoid the DC-link voltage to achieve high values, the chopper is activated whenever the DC voltage rises above a safe threshold, and is deactivated below a safety value. The approaches of using the DC chopper along with another control strategy have been proposed recently [34] [35] [36] . In the simulations, the chopper is turned on at +5% and turned off at +2.5% of DC voltage variation.
DFIG with SCL between Rotor and RSC
The SCL is positioned between the RSC and the rotor of the DFIG. The critical current (I c ) is 1.2 pu and the device resistance (R 0 ) is 2.0 Ω. Figure 8 shows DFIG currents and SCL resistance (R) behavior. The maximum rotor and stator currents are 1.3 pu and 1.78 pu, respectively. The system has a transient time of 100 ms, as shown in the active and reactive power (PQ) curves of Figure 9 , and DC-link voltage variation is up to 6.5%. 
DFIG with SCL into DC-Link
The SCL has been relocated to the DC-link in order to reduce from three to one the elements required in a three-phase configuration. The relation between similar AC and DC SCL is shown in Equation (19) . Figure 10 shows DFIG currents with DC SCL and SCL resistance (R) behavior. The maximum rotor and stator currents are 1.3 pu and 1.78 pu, respectively. The system has a transient time of 120 ms, as shown in PQ curves of Figure 11 , and DC-link voltage variation is up to 6.5%. 
Conclusions
This paper has studied the dynamic of a 2.0 MW DFIG during a severe voltage sag. Using the dynamic model of a DFIG, it was possible to determine the current, Electromagnetic Force and flux behavior during three-phase symmetrical voltage dip. Two solutions employing superconducting materials were proposed and compared for increasing the robustness of DFIG during balanced voltage dips.
The first solution, connecting the SCL between rotor and RSC and disabling all RSC switches, leaves the DC-link connected in the rotor circuit opposing to current circulation. The rotor current was limited in 1.3 pu and the DC-link voltage variation was smaller than 6.5%. The aforementioned current could achieve a value of 3.2 pu without the SCL. The second solution reduces the three elements required, in a three-phase configuration, by one equivalent element. Both solutions present very similar behavior but the DC-link SCL approach uses a reduced structure. However, if on one hand, the DC-link SCL approach makes use of a reduced structure, on the other hand it leads to high voltages at RSC switches, a damaging solution from the switches point of view.
The main advantages of proposed solutions using SCL in the rotor circuit compared with other technologies employed on DFIG LVRT improvement are pointed out:
•
The SCL has no influence on the power generation of the DFIG during normal operation; • Higher rotor current limitation during critical period of voltage dip is achieved; • The SCL effect automatically appears in the rotor circuit faster than other solutions; • The device recovers itself to the superconducting state without any external command.
The proposed approaches are effective if using the DC chopper to limit the DC link voltage while the SCL limits the rotor currents. The chopper is not necessary if using a larger DC-link capacitor (ten times or more), but currently it is unfeasible due to economic reasons.
These results demonstrate that the three-phase SCL solution is a feasible alternative of LVRT strategy to DFIG protection.
